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Electromagnetic fields associated with surface cracks in metals 
have been widely studied in recent years in connection with eddy current 
and a.c. field techniques for detecting and sizing fatigue and corrosion 
cracks. In our own work, studies have been made of thin-skin fields for 
cracks of various plan forms using unfolde~ field techniques ~~~, and of 
the two-dimensional crack (i.e. the large aspect ratio crack) in a semi-
infinite material when the ratio of crack depth to skin depth is 
arbitrary~5. These studies were prompted by the need to obtain accurate 
interpretation of surface probe readings from an a.c. potential differ-
ence instrument which was developed at University College London and is 
marketed under the name Crack Microgauge. The instrument was originally 
designed to operate at a frequency of 5.6 kHz, but further development 
has produced a dual-frequency version with a second and lower frequency 
of 560 Hz. This enables an operator to make a choice of skin depth 0 to 
suit his particular test material and crack geometry. A reduction in the 
frequency has the effect of increasing 6 which can be practically useful 
in several ways. For example in examining for subsurface flaws it is 
necessary to increase the penetration of the field into the material so 
that it reaches to the depth of the flaw. A further application which 
provides the motivation for the present paper is to the situation where 
a crack occurs on one face of a plate of known thickness. There are many 
instances, for example in investigating structures fabricated from sheet 
material, or in the examination of pipe-work, where it would be useful to 
be able to detect and measure cracks on the inside surface by testing on 
the outside. Testing from the blind side in this manner evidently 
requires that the frequency should be low enough for the skin depth to 
be comparable with the plate thickness. In this paper our main aim is to 
report the results of a theoretical and experimental study of the field 
in a plate which has a two-dimensional normal crack on one face. The 
theory allows arbitrary values of the ratio of skin depth 0 to plate 
thickness b. In particular we examine the signal on the face opposite to 
the crack which would enable the presence of the crack to be detected. 
In further developments of this technique, methods of inducing the 
field into the specimen rather than injecting are now commonly used. 
In both cases the aim is to produce a uniform current at the surface of 
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the material and normally incident on the crack. The distribution of 
incident current within the plate is different in the two cases, however, 
so that calculations and experiments are reported here for both. An 
example of an induced field and probe developed as part of a joint pro-
gramme with Rolls Royce for the inspection of turbine disc bores is 
described in a review paper2 together with several other applications 
of the technique. We turn now to consider the extension of the theory 
for the semi-infinite material to the case of a plate of finite thickness. 
THEORY OF FIELD DISTRIBUTIONS AROUND A CRACK IN A PLATE 
Before generalising results for the semi-infinite materia1 4 we note 
first some features of this earlier analysis. When the frequency is high 
enough, the skin depth becomes small compared to the crack depth and we 
have a well--known asymptotic result in which the crack depth d is given by 
(1) 
where ~ is the probe length, and VI' V2 are probe readings just off and 
just over the crack edge. It is evident that this formula will still be 
relevant to plates of finite thickness where the current runs in very thin 
skins on the two faces, as illustrated in Fig. lao On the crack face the 
depth d is still measured by equation (1) but on the opposite face the 
current flow is not disturbed by the crack so that no detection of the 
crack can be made from the blind face in this limit. This therefore 
provides one asymptotic limit to the solution for the plate of finite 
thickness when o/~+o. Of more interest for the purpose of detecting a 
crack from the blind side is the other asymptotic limit in which the 
frequency is low and the skin depth large so that the field is an electro-
static field and the behaviour is as if the current were d.c. For the 
semi-infinite specimen4 , it was seen that this yields the formula 
or 
d = !6(V2/Vl-1)(Vl/V2)! 
1 
d/~ = (dl/6)/(2dl/~+1)2, 
(2) 
(3) 
where ,dl=!~(V2/VI-I) represents the thin-sKin interpretation of depth using 
the instrument readings V2 and VI' The thick-skin formula in equation (3) 
is of course changed for plates of finite thickness but the extension to 
cover this case can be found without difficulty. The E field is irrota-
tional and solenoidal in this limit and the boundary value problem can be 
expressed in terms o~ a stream function ~(x,y), where E =a~/ay, E =-a~/ax 
and a2~/ax2 + a2~/ayL = 0, The problem and boundary co~ditions a~e as 
shown in Fig. lb. Its solution is obtainable from the analogous fluid 
dynamics problem of potential flow through a cascade of plates. It may 
be compactly expressed in terms of a complex potential n = ¢ + i~ where 
¢ is the potential so that E = a¢/ax and E = a¢/ay, and a complex 
variable z = x + iy: with ou~ definitions i~ has the form 
cosh(~n/2b) = sec(~d/2b) cosh(~z/2b). (4) 
Lamb 6,who attributes the solution to Larmor, also shows a figure of the 
streamlines and potentials. Equation (4) gives the potential distri-
bution along the crack face, y=O, as 
¢ = (2b/~) arccosh [sec(~d/2b) cosh(~x/2b)1 (5) 
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Figure 1. (a) Thin-skin asymptote; a/b-+O, a/lI-+O. (b) Thick-skin asymptote; 
a/b-+ "'. 
and along the blind face, y=b, as 
¢ = (Zb/w) arcsinh [sec(wd/Zb) sinh(wx/2b)]. (6) 
The voltage readings seen by a probe of length II when traversing each face 
in the x direction can be determined from those relations, the results 
are shown for a particular case in Fig. l.b. On the crack face the sig-
nal has the character anticipated for situations where the skin depth is 
large4.5, and on the blind face there is a continuous change in the sig-
nal with a maximum opposite the crack. No simple explicit expression 
for crack depth d in terms of the voltage readings VI and V2 arises in 
this case but the solution can be arranged in graphical form to show 
the influence of plate thickness on equation (3) as shown in Fig. Za. For 
small crack depths, the influence of plate thickness is slight, provided 
that plate depth b exceeds the probe gap lI. The maximum signal on the 
blind face given by this d.c. solution is shown in Fig. Zb. Influences 
on the blind face are seen to be small for small values of d/b, but are 
of increasing magnitude when d/b exceeds about 0.2. With these asymptotes 
set, we turn now to the more general solution of problem for the geometry 
of Fig. 1 but with arbitrary values of a/b and d/b. The equation for 
I/!(x,y) is in general~5 , 
(7) 
where k2 ipcrw and w, cr,p are the angular frequency, conductivity, and 
magnetic permeability respectively. The specification of this problem 
requires a statement as to how the current runs in the plate upstream and 
downstream from the crack. Fig. 3a shows the case when the current is 
injected into a plate of finite length and removed by terminals centrally 
placed at the ends, which are considered to be remote from the crack. In 
this case the incident current in the x direction is an even function 
about the centre plane of the plate y = ~b and is thus represented by the 
condition 0/+ sinh k(y-b/Z) as Ixl -+ "'. The alternative arrangement 
which preserves the symmetry about the crack plane is shown in Fig.3b. 
Here the current is induced into the plate by passing a current through 
352 D. MIRSHEKAR-SYAHKAL ET AL. 
2 
d Vc 
d; Vo 
15 
b/A.Q 25 
OL-----'-------' 1 
1 d, /6. 2 0 05 d/b (a) (b) 
o 
Figure 2. Thick-skin asymptote. (a) Multiplier M = d/dl as a function 
of dl/~ and b/~. (b) Normalised probe signal on the blind 
face as a function of d/b and b/~. 
an adjacent parallel plate or a set of parallel wires. In this case the 
current lines in the specimen are closed and the incident current in the 
plate is represented by the condition $~ cosh k(y-b/2) as Ixl+ 00, assuming, 
of course, that the ends of the plate are a long way from the crack. 
Cases in which current is injected into a cracked plate asymmetrically, 
for example on one face only, can be treated as a combination of these 
two cases. 
We give a brief outline of the mathematical solution of these problems 
without entering into the mathematical detail which will be described in 
a subsequent paper. Treating the first case only (the second follows in 
a similar manner), write 
$ = sinh k(y-b/2) + $* (8) 
00 
where $* = L A sin(mry/b) exp(-S x) (x>O) (q) 
n=l n n 
S2 
n 
= (mr/b)2 + k2, and Re(Sn) > o. 
Injected field 
I 6. I 
Input1 ~ ~ (a) 
Induced field ~! I ( ) I Inp~ plate (b)  ______________________ ~~ ____ ~r-
Induced field ;ZC;;+ ( ) I Inp~ plate (e) ~----------------------~~----~~ 
Figure 3. Current flows. (a) Injected field. (b) & (c) Induced field. 
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In (8) ~* represents the perturbation in ~ produced by the crack. 
It satisfies equation (7) and the streaming condition ~* = 0 on y = 0 and 
b. The coefficients A must now be chosen to satisfy the two remaining 
conditions which are n 
(i) ~ = 0 O~y<d, x = 0, 
(ii) d~/dX = 0 d<y~b x O. 
This can be done making a new representation of d~/dx in terms of a 
new complete set of function on O<y<d, x=O, with a new set of coefficients 
B. By inverting the Fourier series the A can be expressed in terms of 
BU and B are chosen finally to satisfy coRdition (i). 
n n 
The solution has been used to calculate the potential distribution 
on the two faces of a plate. The examples in Fig. 4 relate to the case 
when d/b=0.5 and ~/b=0.5 and show the voltage signal picked up by a 
probe of given length ~ as a function of its position as it traverses in 
the x direction. These curves give the probe response for different 
values of alb in the injected field case. On the crack face, the typical 
profiles already seen in Fig. 2 are again in evidence with discontinuities 
in the signal as the probe crosses the crack. On the blind face a 
recognisable continuous response is obtained. These results show the 
following predictable features. 
(a) As a/b-+ 0 the response on the crack face approaches the "tophat" 
profile obtained from equation (1), whilst on the blind face, changes 
in the probe signal go to zero. 
(b) As a/b-+ 00 the response on both faces goes to the limiting form which 
is obtained from the d.c. asymptotes in equations (5) & (6). 
As a/b-+ , the signal on the blind face increases but the change is not 
monotonic with increases in a. As a/b increases from zero, the effect 
of the crack is first to draw the field towards the crack away from the 
opposite face with a resulting drop in probe signal on the blind face. 
As olb increases further, the current flow is thrown back towards the 
, 
Theory d/b=05 
crack face t./b= 05 
Injected 
.2c 
01 
'" 
~ 05 
o values of b/b 
2 
0 
: =16 1Xjd ~ jb ~ V <Xl de solution 
2 3 
(0) x/b 
:> 
:> 
XiD -1 
15~~~~~~~~~~~~~~~~ 
Theory 
blind face 
Injected 
d/b= 05 
t./b=O 5 
(b) 
solution 
values of 6/ b 
"1 "2 "3 "' "5 
x/b 
Figure 4. An example of theoretical representation of normalised probe 
signals. (a) Crack face. (b) Blind face 
354 D. MIRSHEKAR-SYAHKAL ET AL. 
blind face and the signal there reverses in sign to approach the d.c. 
asymptote for 8/b > 1. There is a similar lack of monotonicity in the 
signal on the crack face. 
EXPERIMENTAL INVESTIGATIONS 
Two series of experiments were performed, In the first, current was 
introduced into a stainless steel plate, using successively the injec-
tion and induction arrangements shown in Fig. 3. In the second series, 
experiments were made on a titanium plate using the inducing method only. 
The most detailed results were obtained from the stainless steel experi-
ments which we describe first. 
The stainless steel plate had thickness b=13.24mm with length and 
breadth 300 mm and 150 mm respectively. A narrow notch of depth 5.7 mm 
was cut across the middle of one large face, perpendicular to the longest 
edge. In the first experiments, current was injected symmetrically at the 
ends of the plate as in Fig. 3a and the surface was scanned with a probe 
of length ~ = 12.5 mm. The experiment was conducted on an x-y scanner in 
which the probe movement was computer controlled. Initially tests were 
made to ensure that the incident current was symmetrically distributed 
through the depth of the plate and that the incident current was uniform 
across the surface away from the plate edges. Traverses were then made 
down the centre line of the face of the plate; the probe was moved by the 
scanner in increments of 1 mm along the line of traverse. In each case, 
traverses were first made on the crack face and afterwards, by turning the 
plate over, on the blind face. The responses obtained from these traverses 
were closely reproducible but in order to minimise the effect of noise, 
several sets of results were taken for each traverse and the responses 
were averaged by the computer. Results were obtained for the two frequ-
encies 560Hz and 5.6kHz. The skin depths in stainless steel at these 
frequencies are approximately 18.1 mm and 5.7 mm respectively. The low 
frequency tests therefore occurred near the thick skin limit with this 
geometry and the higher frequency gives an intermediate situation in which 
d/8~1. The whole sequence was then repeated using the induced field arr-
angements of Fig. 3. The results for the high frequency with injected and 
induced fields are shown respectively in Figs. 5 & 6. Figs. 7 & 8 give 
the corresponding results for the low frequency. The theoretical curves 
corresponding to the parameters of the experiments are also shown in Figs 
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Figure 5. Normalised probe signals; high frequency, injected field. 
-- theory, + experiment. 
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Figure 6. Normalised probe signals; high frequency, induced field. 
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5 to 8 as full lines, and close agreement with the data was obtained. 
Finally we report on the second experiment on cracks in a titanium 
plate. The plate had dimensions 300 mm x 90 mm x 22 mm. On one main face 
two saw-cut notches were made of depths 4 mm and 8 mm. The notches were 
100 mm apart which was large enough for the field around each one to be 
unaffected by the other. The normalised skin depths alb were 1.01 and 
0.32 at 560Hz and 5.6kHz respectively. A uniform current was induced into 
the plate and a study was made of the field distribution around each crack 
on the crack face. The probe readings VI, V2 were measured experimentally 
with a probe of length ~ = 12.5 mm and the same values were calculated 
theoretically. The quantity V2/v 1-l in the two cases is compared in Table 
1, and it is seen that there is agreement to within 9%. This error is 
accounted for by the difficulty in locating precisely the edges of the 
crack to make Vl and V2 measurements. A similar error arises in the dis-
continuity in the readings on the crack face in the stainless steel 
results of Figs 5 to 8. 
This investigation confirms what we set out to establish in the main, 
namely that if a sufficiently low frequency or large skin depth is used, 
a recognisable signal can be measured on the blind face of a plate which 
should enable a surface crack on the other face to be located. The 
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Figure 7. Normalised probe signals; low frequency, injected field. 
--- theory, + experiment. 
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Table 1. Crack face measurements on titanium, comparison of theory and 
experiment. 
Freq. 5.6 kHz 560 Hz 
slot depth d 4 mn 8mn 4mn 8mm 
theory 0.87 1.52 0.85 1.54 
V2/Vl-1 expt. 0.83 1.56 0.78 1.42 
error% +4.6 -2.6 +8.2 +7.8 
possibility of correlating the crack size with signal strength on the 
blind face arises from the mathematical solutions and in particular if 
o/b ~ 1 the simple d.c. solution comes into play. This solution can be 
used to illustrate some aspects of the sensitivity of the arrangement for 
crack detection. Fig. 2b shows the maximum blind face signal normalised 
with its value remote from the defect, V, as a function of d/b and b/~. 
For increased sensitivity, a small probe ~ap is seen to be desirable, 
although there is little to be gained by increasing b/~ above about 2. 
This figure indicates a likely insensitivity to crack depths below about 
25% of the plate thickness, although it may be noted that in the titanium 
experiments signals on the blind face were observed when the notch depth 
was less than 20% of plate thickness. 
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